Blood group antigens are structural variants in surface carbohydrate or amino acid polymorphisms on extracellular domains of membrane proteins. The red cell water channelforming integral protein (Aquaporin CHIP) is a homotetramer with only one N-glycosylated subunit, however no CHIP-associated blood group antigens have yet been identified. Immunoblotting, monosaccharide composition analysis, and selective glycosidase digestions revealed that the CHIP-associated oligosaccharide contains ABH determinants and resembles a band 3-type glycan that cannot be cleaved from intact membranes by Peptide:N-glycosidase F. The molecular structure of the Colton antigens was previously unknown, but CHIP was selectively immunoprecipitated with anti-Coa or anti-Co(b). The DNA sequence from Colton-typed individuals predicted that residue 45 is alanine in the Co(a+b-) phenotype and valine in the Co(a-b+) phenotype. The nucleotide polymorphism corresponds to a PflMI endonuclease digestion site in the DNA from Co(a-b+) individuals. These studies have defined antigens within two blood group systems on CHIP: (a) an ABHbearing polylactosaminoglycan attached to a poorly accessible site in the native membrane; and (b) the Colton antigen polymorphism which may permit the identification of rare individuals with defective water channel expression.
Introduction
The field of human genetics originated from the study of human blood group antigens. Approximately 250 antigens have been described serologically and are members of 22 different blood group systems (1) . The ABH antigens and a few other blood group antigens are known to be specific oligosaccharide structures formed by glycosyltransferases with altered monosaccharide specificities caused by polymorphisms in their genes (2) .
As seen within the MNSs system, the structures of many blood group antigens may result from amino acid substitutions in surface domains of red cell membrane proteins (for reviews see references 3 and 4), whereas other antigens such as Wrb may result from the juxtaposition of two known membrane structures (5) . Search for the molecular structures of blood groups Rh (6, 7) , Kell (8) , and Duffy (9) led to the identification of new red cell membrane proteins. Nevertheless, the molecular identities of several blood group antigens remain unknown.
Channel-forming integral protein (CHIP)' is an abundant membrane protein of red cells and renal proximal tubules (10) (11) (12) (13) . CHIP functions as a water-selective pore (14, 15) and is the archetypal member of the Aquaporin family of water transporters found in animals and plants (16, 17) . The structure of CHIP has been partially characterized; the amino acid sequence deduced from the cDNA encodes a protein with six presumed bilayer-spanning domains, internal amino and carboxy termini, and two potential N-glycosylation sites (18) . CHIP exists as a homotetramer comprised of identical, noncovalently associated subunits, although only one of four subunits contains an N-linked glycan (11). Asparagine-42 was shown to be the glycosylation site, and the proposed membrane topology of biologically active CHIP molecules was confirmed by insertional mutagenesis (19) . The tetrameric organization is supported by freeze fracture of CHIP proteoliposomes (20, 21) and by high resolution electron microscopic analysis of twodimensional membrane crystals which retained full biological activity (22) .
CHIP was first identified because it contaminated preparations of the Rh membrane proteins (23, 24) , however no CHIPassociated red cell antigens are known. Although its electrophoretic mobility is similar to the band 3 polylactosaminoglycan (25) , the structure of CHIP-glycan is undefined, and the substoichiometric glycosylation remains unexplained. The locus of Aquaporin-J, the gene encoding CHIP, was identified at human chromosome 7pl4 (26) . This location is coincident with the location of the Colton blood group locus on 7p (27) . The present study was conducted to characterize the CHIP-glycan and to determine if CHIP is the molecular site of the Colton polymorphism.
Methods
Materials. Polyclonal, affinity-purified rabbit antibodies to CHIP were previously described (11, 13). Anti-glyRh was obtained from rabbits immunized with partially purified Rh protein (23, 24) ; anti-CHIP immunoglobulin was removed by CHIP affinity chromatography (10, 11).
Typed red cells and antisera were obtained through the American Red (29) . 5 ml of antiCoa, anti-Cob, or anti-Co3 serum was added and incubated for 1 h at 370C and then incubated overnight at 40C. The red cells were pelleted and washed three times in 30 ml of PBS, and membranes were prepared by lysis in 30 vol of 5 mM sodium phosphate (pH 7.4) as described (30) . The membranes were suspended in 6 vol 2% (wtlvol) Triton X-100 in PBS (pH 7.3) containing 2 mM phenylmethylsulfonyl fluoride and 5 mM K2EDTA (TX-PBS) for 15 min at 20'C before centrifugation (40,000 g for 30 min at 40C). 60 ml of a 50% (vol/vol) suspension of protein G Sepharose in TX-PBS was added to the supernatant for 1 h. The resin was washed five times in the same buffer, and the immune complexes were eluted with 5% SDS and analyzed by SDS-PAGE immunoblot.
Colton immunoprecipitations, Triton X-100-solubilized membranes. Group 0 red cell membranes at 2 mg/ml were solubilized in 3% (vol/ vol) Triton X-100, 20 mM Tris-HCl (pH 7.5), 1 mM Na2EDTA, 1 mM NaN3 by shaking for 1 h at 20°C. After pelleting at 44,000 g for 45 min at 4°C, the supernatant was diluted to 1% (vol/vol) Triton X-100 and divided into three aliquots and mixed with an equal volume containing: (a) group 0 pooled plasma (negative control); (b) antiCoa plasma from a group 0 donor (titer 64); or (c) 0.16 ,ug of affinitypurified anti-CHIP (positive control). The tubes were incubated for 30 min at 37°C and then for 18 h at 4°C before addition of 0.5 vol of protein A Sepharose CL-4B for 2 h at 4°C. The resin was pelleted, washed three times with 0.1% Triton X-100 in the same buffer, eluted in 2% (wt/vol) SDS, and analyzed by SDS-PAGE immunoblot with anti-CHIP.
Molecular genetic studies. Genomic DNA was isolated from peripheral blood lymphocytes and from EBV transformed lymphoblastoid cell lines as described (31). The following oligonucleotide primers corresponding to the four exons were used to amplify DNA templates ( 
Results
Aquaporin CHIP-glycan. Although a subset of CHIP subunits are known to bear asparagine-linked carbohydrates (11), the molecular composition of these oligosaccharides has not been defined. CHIP was purified to homogeneity from red cells of known ABO phenotype. To separate the 40-60-kD glycosylated subunits (glyCHIP) from the 28-kD nonglycosylated subunits, purified total CHIP was denatured by SDS, loaded onto a preparative SDS-PAGE slab gel, and the glyCHIP fractions were eluted and concentrated. Specific reactions were observed when the glyCHIP fractions from typed blood were analyzed by SDS-PAGE immunoblot with antisera specific for A and B blood group antigens (Fig. 1) .
The structures of the CHIP-glycans were characterized further by digestion with specific glycosidases. Purified CHIP was labeled with 1251, and 28-kD nonglycosylated CHIP subunits and 40-60-kD glycosylated subunits were eluted separately from preparative SDS-PAGE gels and digested with a-chymotrypsin. Whole digests were then analyzed by gel filtration chromatography over a Superose 12 column (Fig. 2, A and B) . The profiles were identical except for a small peak with more rapid elution in the glyCHIP preparation (Fig. 2 B, bracket) . This peak which consistently exhibited the same mobility when rechromato- aliquots incubated without glycosidase was not altered (not shown). After digestion with endoglycosidase H, the elution profile of '251-glyCHIP was identical to the undigested control (Fig. 2 C) , indicating the lack of high mannose structures within the glycan. The elution of '251-glyCHIP was significantly retarded after digestion with endo-/3-galactosidase (Fig. 2 D) , indicating the existence of internal galactose-N-acetylglucosamine repeating units. A single peak with still slower chromatographic elution was found after digestion with Peptide:N-glycosidase F, an enzyme known to strip the oligosaccharides from their asparagine linkage yielding free '251-peptides (Fig. 2 E) . Compositional analysis of oligosaccharides isolated from purified glyCHIP was performed with the Dionex Glyco Station (Dionex Corp.) which confirmed the existence of sugars known to comprise polylactosaminoglycans similar to that of band 3:Nacetylglucosamine, mannose, galactose, and fucose (Table I ). In addition, the presence of ABH antigens within the CHIP glycan was also confirmed by the identification of the sugars which define ABH antigenic sites: N-acetylgalactosamine, galactose, and fucose. resulted from the alcohol precipitation step before hydrolysis (see Methods). I To estimate the monosaccharide composition of an individual CHIP-glycan, the quantity of each monosaccharide was normalized to the quantity of mannose which exists as a tri-mannose core in the polylactosaminoglycan on band 3 (25) .
The accessibility of the glycan at the red cell surface was evaluated by incubating intact red cells with Peptide:N-glycosidase F. When assessed by anti-CHIP immunoblot, the electrophoretic mobility of glyCHIP was not altered by this digestion (Fig. 3) . The same blots were stripped and incubated with antiglyRh, an antibody specific for the 50-kD glycosylated subunits of the Rh antigens (Rh5OA) (32) , and complete digestion to the 30-kD core peptide was confirmed. Inspection of silver-stained SDS-PAGE slabs also revealed increased mobility of glycophorin A after digestion. The inaccessibility of CHIP to Peptide:Nglycosidase F persisted even when intact red cells were previously digested with chymotrypsin (data not shown), suggesting that the glycosylation site was not inaccessible simply because of steric obstruction by other surface components. This inaccessibility was only observed while CHIP was in the membrane. SDS-denatured, purified CHIP is highly sensitive to Peptide:N-glycosidase F digestion (10, 11), and octylglucoside solubilized, purified CHIP was also digested by the enzyme at high concentrations (data not shown).
Colton blood group antigens on Aquaporin CHIP. Membranes prepared from red cells of known Colton phenotypes were immunoblotted with anti-CHIP. Membranes from Co(a+b-) and Co(a-b+) individuals exhibited equivalently strong reactions over CHIP28 and glyCHIP subunits, whereas membranes from a Co(a-b-) sample (donor G.S.) gave no reaction (Fig. 4 A) . Intact Co(a+b-), Co(a-b+), and pooled red cells were reacted with anti-Co', antiCob, or anti-Co3, and immunoprecipitates were analyzed on immunoblots with anti-CHIP (Fig. 4 B) . Anti-Coa precipitated CHIP from Co(a+b-) red cells but not from Co(a-b+) red cells. Conversely, antiCob precipitated CHIP from Co(a-b+) red cells but not from Co(a+b-) red cells. Anti-Co3 is an antibody from a patient with the Colton null phenotype and reacts with red cells of all Colton phenotypes (33); anti-Co3 precipitated CHIP from pooled red cells (Fig. 4 B) . To with anti-Co' antisera was attempted on nitrocellulose filters containing purified CHIP, however, high background binding obscured interpretation. Attempts to immunoprecipitate SDSdenatured, nonglycosylated CHIP subunits were not successful, suggesting that linear peptide sequence alone may not comprise the Coa antigen. Extraction of red cell membranes with Triton X-100 is known to solubize CHIP in its tetrameric form (11). Triton X-100-solubilized CHIP protein was immunoprecipitated with anti-Co' but not control plasma (Fig. 4 C) , suggesting that the surface conformation of the protein may be required for antigenicity. Since the CHIP-associated glycan could not be removed by digestion of intact red cells with Peptide:Nglycosidase F (Fig. 3) , hemagglutination studies using Colton antisera could not be used to determine the possible role of the oligosaccharide within Colton antigenic structures. Molecular genetic analysis of Colton polymorphism. CHIP is encoded by Aquaporin-1, a gene which contains four exons (26) . DNA was obtained from two unrelated individuals with each of the known Colton phenotypes: Co(a+b-), Co(a-b+), and Co(a+b+). Each exon was amplified by polymerase chain reaction using primers corresponding to untranslated and intron sequences, and the nucleotide sequences of each coding region were determined by dideoxynucleotide sequencing. A single difference was noted at nucleotide 134 which was C in DNA from the Co(a+b-) samples and T in the Co(a-b+) samples (Fig. 5 A) . This substitution will change the coding sequence at residue 45 from alanine in Co(a+b-) individuals to valine in Co(a-b+). DNA from Co(a+b+) individuals contained both nucleotides (not shown).
The first exon of CHIP contains a site for the restriction endonuclease PflMI which would cleave the 444 bp exon I PCR product into two fragments of 300 bp and 144 bp (18) . The C to T substitution at the codon for residue 45 was predicted to create a second PflMI restriction site in CHIP exon I DNA from
Co(a-b+) individuals. PflMI digestion would cut the 300 bp fragment of Cob alleles into 174 and 126 bp pieces (Fig. 5 B) . , 144, and 126 bp. As expected, the samples from the unrelated Co(a+b+) individuals contained both patterns (Fig. 5 B) .
Discussion
These studies have identified and characterized antigens from two different blood group systems on Aquaporin CHIP (Fig.  6) . The oligosaccharide attached to asparagine-42 resembles a band 3 polylactosaminoglycan with ABH determinants, and the Colton polymorphism was defined at residue 45. These findings support the generally held view that blood group antigens are polymorphisms in red cell membrane surface structures. More importantly, evaluation of these CHIP-associated antigens has also provided new insight into the structure of the molecule and promises to provide further explanations for the importance of CHIP in transmembrane water movements.
Previous studies revealed that a subpopulation of 40-60-kD CHIP subunits (glyCHIP) contained a large oligosaccharide which could be cleaved with Peptide:N-glycosidase F after the protein is denatured in SDS (10) . Curiously, digestion of intact red cells with Peptide:N-glycosidase F failed to cleave the glycan (Fig. 3) . Triton X-100-solubilized CHIP oligomers were quantitatively adsorbed onto wheat germ agglutinin-Sepharose, although free 28-kD subunits were not, providing evidence that the protein is an oligomer (11). Additionally, the glycan was apparently attached to only a subpopulation of CHIP subunits in young and old red cells, indicating that deglycosylation was not ongoing (11). Substoichiometric glycosylation of CHIP was also found when the single CHIP cRNA was injected into Xenopus oocytes (14) . Other integral membranes proteins are entirely glycosylated (e.g., band 3, glycophorins, and glucose transporters), although a few are entirely nonglycosylated and exist in the membrane in a complex with glycosylated polypeptides produced by different genes (e.g., the 30-kD Rh polypeptides) (32) . Substoichiometric glycosylation of CHIP may be explained by physical constraints at the surface glycosylation site which confer relative inaccessibility to glycosyltransferases during biogenesis or glycosidases during in vitro studies. Asparagine-42 was identified as the only surface N-glycosylation site (19) . If asparagine-42 residues on individual subunits are located near each other while within the CHIP tetramer, the glycosyltransferases may gain access to only one potential site. Alternatively, glycosylation of asparagine-42 may be hindered if it is located very close to the outer leaflet of the lipid bilayer. If CHIP subunits are oligomerized cotranslationally, three nonglycosylated CHIP28 subunits existing in a tetramer with one glyCHIP subunit will be rapidly targeted together to the Golgi apparatus and plasma membrane before unoccupied potential N-glycosylation sites are modified by the transferase. Consistent with this, studies of mutant CHIP molecules expressed in Xenopus oocytes revealed that dysfunctional mutants which were apparently retained in the endoplasmic reticulum were disproportionately glycosylated with high mannose glycans, all four subunits of certain CHIP mutants being glycosylated (34, 35) . These studies endorse the hypothesis that substoichiometric glycosylation is a kinetic feature resulting from relative inaccessibility of asparagine-42.
Identification of the Colton polymorphism at residue 45 of CHIP resulted from the observation that the chromosomal loci both exist on the short arm of human chromosome 7 (26, 27 with congenital dyserythropoietic anemia has been identified (41, 42) . Three other Co(a-b-) individuals were recently found with mutations in Aquaporin-] and lacked CHIP water channels (43) . Future studies of these Co(a-b-) individuals are planned to further probe the roles of Aquaporin CHIP. 
